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(57) ABSTRACT
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respectto time. Peaks are identified in the differentiated bipo-
lar electrogram. An activity window is defined that includes
bipolar activity about the peaks. An extreme negative value in
the differentiated unipolar electrogram within the activity
window is reported as a unipolar activation onset. In one
aspect, an annotation is selected from candidate minima in the
differentiated unipolar electrogram within the activity win-
dow by excluding candidates that fail to correlate with activ-
ity in the bipolar electrogram.

26 Claims, 20 Drawing Sheets




US 9,380,953 B2
Page 2

(56) References Cited

U.S. PATENT DOCUMENTS

2009/0099468 Al 4/2009
2010/0074482 Al 3/2010
2010/0191132 Al 7/2010
2012/0184865 Al* 7/2012

2013/0019945 Al 1/2013
2013/0109945 Al 5/2013

Thiagalingam et al.

Toth et al.

Jackson

Harlev ......cccooo. AG61B 5/7475
600/509

Hekmatshoar-Tabari

Harlev et al.

FOREIGN PATENT DOCUMENTS

WO WO 2008/038220 Al
WO WO 2009/020167 Al

4/2008
2/2009

WO WO 2012/092016 Al 7/2012
WO WO 2012/151301 A1 11/2012
WO WO 2013/123549 Al 8/2013

OTHER PUBLICATIONS

Ndrepepa, G., et al., “Activation Time Determination by High-Reso-
lution Unipolar and Bipolar Extracellular Electrograms in the Canine
Heart”, Journal of Cardiovascular Electrophysiology, vol. 6, No. 3
(Mar. 1995) p. 174-188.

Ye, H. He, et al., “An Interactive Graphical System for Automated
Mapping and Display of Cardiac Rhythms”, Journal for
Electrocardiology, vol. 32, No. 3 (1999) pp. 225-241.

European Search Report received Jun. 30, 2015 for Application No.
EP15152788.

* cited by examiner



U.S. Patent Jul. 5, 2016 Sheet 1 of 20 US 9,380,953 B2




U.S. Patent Jul. 5, 2016 Sheet 2 of 20 US 9,380,953 B2

2000

~__
T =
—-~

N
—

\i

- N
[ — ==
N

[
fosd
[em]
o2

2
‘=
e

2000 .
2800 3000 3200 2800 4000 3

e
o)
<O

38 38 38

2000} ek 2000 4 2000 s
[ [ [
0 m K\I 4 A /] /\n M I \j ’V A /\.I AVA /

|
|
|
14 v S a i 0 <7 {
N ST [/ L/ LN I L/ \ !
| | L1y
2000 , | 2000 — - L g000l— LU .
2800 3000 320 2800 3000 300 2800 3000 5200

FlG. 2



U.S. Patent Jul. 5, 2016 Sheet 3 of 20 US 9,380,953 B2

(' RECORDDATA )40

Y

DEFINE CARDIAC CYCLE 48

Y

DEFINE WINDOW OF INTEREST AND SEARCH WINDOW 56

Y

ESTABLISH NOISE THRESHOLD 64

Y

ESTABLISH BASELINE; DEFINE BIPOLAR COMPLEX P88

A

FILTER DERIVATIVE OF BIPOLAR COMPLEX .88

((DETERMINE QUALITY 100

FIG. 3
432 44 46

% % ACTIVITY

DATA(R) i;%ﬁg} J prase | LNOISETHR [orn or | BOUNDS
FIG. 4

538 52 54
ECG(n,m) 2
OR CS(h,m} | R-WAVE [ R{n,m} — RR(n,m)‘X RR .
| DETECT ! 12 g

FIG. 5



U.S. Patent Jul. 5, 2016 Sheet 4 of 20 US 9,380,953 B2

SWtart .
584 >
R#R BETERMENE ‘NGEstart,v‘\j@iceﬂter,wg§eﬂd .
WINDOW ”
SWend o
Wlcenter A
SEARCH
WINDOW Fi1G. 6
Swsiart WDEstart Wﬂgcerﬁer WQ;end S“Nend
62 ! 60 [ 62 |
: |
!
!
!
!
!
!
Wllgtan-S "(ﬁ“A)[E 0 +(R_R~A}/2 Wlang+s ms
FiG. 7
72
724 a 6?6
Bi-
FILTER
00 SwW Tsw
starts end
DESIGHN
70~ HR F?L("?ER Wlgtart, WOlgenter, W0leng
BUTTERWORTH
ORDER=2 FI%G 8

Fo=20Hz



U.S. Patent Jul. 5, 2016 Sheet 5 of 20 US 9,380,953 B2

Wsmooth{W) o niax ) 5 76
+ o —| + SMOOTTHR
HIST " Fgs >
= 78
Y 2
underthr.start] ] @
FEG 9 « underihrend] ] |
FiG. 10
X(m<THR
82 {cnt=0) 84
X(m>THR // X(n)>THR
X(n)<THR & ent=cni+1)
ocni>CNTMAX
] %
Wsamooth{n}a
PEAK
_______________ THR
| | STATE A
STATER
BASELINE | | BASELINE |




U.S. Patent Jul. 5, 2016 Sheet 6 of 20 US 9,380,953 B2

80

P 04 Qgﬁ 928
Bi- N o
———| DIRECTIONAL x| [Pesignalin) ] CUT ] Waignai(w)
DATA() ! WINDOW
n FILTER T
(IETY
DES?EGNl ] SWstarif,SWend
WOlstart, WOicenter, WOlend
%2 R ELTER : benenTEen
BUTTERWORTH
DRDER=2
Fo=35Hz FIG. 11
?02/\’ RMS
| INSIDE
ATAW)
DATA(W) »| BIPOLAR 2
ACTIVITY 166
BOUNDS | p
I aros () SR,
RMS 5
OUTSIDE
o| BIPOLAR N
ACTIVITY
104 BouNDS

| FIG. 12



U.S. Patent Jul. 5, 2016 Sheet 7 of 20 US 9,380,953 B2

X 110 Rb BIPOLAR
BIPOLAR EGM WINDOWS  [— — ] -SLOPE WINDOWS 3
BIPOLAREGM | Bwin | (ONSET, TERMINATION) L;j;i*; Iy |
—_— PRIV
MODULE :
SLOPES g
BIPOLAR
+SLOPE WINDOWS
108\
112
my II
. I A Y 4 N P |
03 550 1l I'i;\ om0 TR
118~ P! :
j 02 AvE :
i |
01 ! I 1 | '
v | I :
NI T
01 bofid | :
T .
L '
AN ; |
| ‘rj e ! |
03 , :

- 50 80 70 80 o 00 10 120 190
FIG. 13 TIME {ms)



U.S. Patent Jul. 5, 2016 Sheet 8 of 20 US 9,380,953 B2

( ACQUIRE UNIPOLAR DATA }\4126

A 4

CORRECT BASELINE; FILTER, DIFFERENTIATE o 128

Y

DEFINE SEARCH WINDOW ™~ 138

Y.

FIND MAX dVidt o174

(" REPORT ACTIVATION ONSET 236

FiG. 14
SIGNAL
130 - FREE OF
152 124 BASELINE
MEDIAN
FILTER ! ;"GPHFZ.) »| NEGATE
{60ms)
x 138
SIGNAL
WITH
BASELINE FIG. 15

SWatart  WOlstart  UNlstat  UNlend WOlend  SWend

FIG. 16



U.S. Patent Jul. 5, 2016 Sheet 9 of 20 US 9,380,953 B2

underThr.start] ] 142

underThr.end] ] l 144 146
SELECT e S NOISETHR
NOISE » HIST —{ Pas
Waignai(w) | PARTS
> 148
v ¢
R BEGIN BIPOLAR
13@ ACTIVITY
J FIND | PEAKPOSTION [
PEAK Ll END BIPOLAR
REVERSE| ACTIVITY |
| vECTOR g
% 4
154 152

FiG. 17



U.S. Patent Jul. 5, 2016 Sheet 10 of 20 US 9,380,953 B2

K(n)<NOISETHR
{cnt=1)

{ent=cnt+1)
({n)<NOISETHR &
ent<CMTSTATEZ

X{r)2NOISETHR ‘

X(n)=NOISETHR
(geat>GCNTSTATES

(gont=geri+1)

(n)<NOISETHR i )
KN<NOISETHR {entsont+ 1)

X(np<NOISETHR &
oni<ONTSTATES
K(np<NCISETHR Ani=NOISETHR &
cni>CNTSTATES

X(M=NOISETHR
{goni=Q)

FIG. 18



US 9,380,953 B2

U.S. Patent Jul. 5, 2016 Sheet 11 of 20
Wsignal
- 4 \
STATE A \
S — S £ L N ——
1727
- C
170~
B
A "
0 100 200 300 400 500 800ms
FlG. 19
176
UNIPOLAR (TIP) (w) -dvidt UNIPOLAR TIP ONSET
"| BIPOLAR WINDOW g
178
UNIPCLAR (RING) (w}) -dV/dt UNIPOLAR RING ONSET
"| BIPOLAR WINDOW g

!

FiG. 20



U.S. Patent Jul. 5, 2016 Sheet 12 of 20 US 9,380,953 B2
180 184
182 UNIPOLAR ¢ UNIPOLAR EGM
¢ EGM FIND DESCENDING FIND
SEGMENT | SEGMENTS | DESCENDING | EPISODES | LINEAR
UEGM | UEGM "| REGRESSION
I I PARTS LINE(S)
BIPOLAR- UNIPOLAR UNEP&AR
SLOPE EGM EGM
WINDOWS DESCENDING
SEGMENTS FIT
{au+h)
UNIPOLAR EGM
DESCENDING
< T
SEG%{TQ)S T [vEAN UEGW
~ DESCEND iN
l BIPOLAR | |[=USED FOR BIPOLAR WINDOW APPROVAL
CALCULATE | | WINBOW |
MEAN-SLOPE | 155 g
CALCULATE [188
-SLOPE >
ERACTION % UEGM | | Y/SED TO DECIDE FOR TREND CORRECTION
SESCEND IN OF UNIPOLAR SLOPE
T BIPOLAR S%BUEGM DESCENT>50%—NO CORRECTION
UNIPOLAR EGM | WINDOW (MAIN SLOPE)
DESCENDING
SEGMENTS FiT
{ax+h)

FIG. 21



U.S. Patent Jul. 5, 2016 Sheet 13 of 20 US 9,380,953 B2

Y
0.4
ﬁ@
b_q\‘
0.8 ARSI
// 192
_’§ iy
1.2
1.4
2 4 B 8 10 12 14 16 18 20
| SAMPLES
r »
164
FiG. 22
198
¢
135 UNIPOLAR
UNIPOLAR UNIPOLAR EGM seameNT| EGM-SLOPES
-5 (LOC
EGM _SEECF}\J;)ES SLOPES (\LOV,JAL): UEGM SEGMENTS ,
-SLOPES

BIPOLAR-SLOPE WINDOWS
(+SLOPE WINDOWS FOR RING)

FiG. 23



U.S. Patent Jul. 5, 2016 Sheet 14 of 20 US 9,380,953 B2

UNIPOLAR EGM 430 204
SEGMENTS ——— -
" CALCULATE | UNIPOLAR | '
TREND TRENDS | '
AROUND T !
| -SLoPES ' |
UNIPOLAR EG- | | correCT FOR| |
SLOPES WxSms) , TREND |
SEGMENTS UNIPOLAR-SLOPES iconamonan |
WINDOWED) 1k 11
202 | '
I |
% UEGH | b |
DESCEND | <50%(y) - —— —F— =
N BIPOLAR 218
WINDOW UNIPOLAR-SLOPES

A g

{ WINDOWED, CORRECTED)

0.2+ {0061 0,019
0.0 \
02 \
0.l 22T 0261
0.6 = 0,025 0
0.8 \ / 214 7
i 216
-1.0 o Nl
correctiony |/ -0.0064
12 2N :
360 370 s 380 ( 390\ 400 410
| 210 208 )

FiG. 24



U.S. Patent Jul. 5, 2016 Sheet 15 of 20 US 9,380,953 B2

006k |
o0 |
[ [ 1 [

1760 1R00 1850 1000 10A0 200

,,,,,,,,

1 1 1
HiG. 25 1800 1850 1900 1950

1 1 N
2000 2050 2100 2150 2200




U.S. Patent

Jul. 5, 2016 Sheet 16 of 20 US 9,380,953 B2
| 238 | 240
||
ﬂ\l/—_/\’ UNIPOLAR
: ~~ BIPOLAR
I
I
................. | e ~_ UNIPOLAR
DERIVATIVE

>

i
[
I
I
|
ﬂ SOMETHING
ii
;|
I

|

|

I

I

|

|

||

||

||
m—I] NOTHING
Ij I ~_ BIPOLAR

|

I

I

Nl DERIVATIVE
|
| FIG. 26
(" ACQUREDATA 242 FIG. 27
Y
PROCESSING [~ 244
v
DETECT ALL LOCAL MINMAIN UNIPOLAR |
248 DERIVATIVE BELOW THRESHOLD 4
‘ MERGE OF
254 ~ CALCULATE UNIPOLAR SLOPES »| CANDIDATE o 314
T ANNOTATION
256~ CALCULATE BIPOLAR SLOPES
Y v
250~ CONSISTENCY WITH BIPOLAR VALD L,
I ANNOTATIONS
A
258 ~ BIPOLAR & UNIPOLAR AMPLITUDE
l USER
: 55
OTHER CRITERIA [N\ 252 sEEIED WOt [ 320
EXTRACT CANDIDATE ANNOTATION FEATURES




U.S. Patent Jul. 5, 2016

Sheet 17 of 20 US 9,380,953 B2
DISCARD
DETECT , o
. , , INDEX (S-UNI) & INDEXES WITH
———UNIPOLAS \TvE—| LOCAL —— Silivil NN bl 62
UNIPOLAR DERIVATIVE s VALUE AT MINIMA vaLUE ABOVE [404
b '8" b TH-UNI
20 INDEXES
POSITIVENEGATIVE INDICATION | EASURE
SIPOLAR 264
BIPOLAR DERIVATIVE o SHOPE
I
581
e, CALCULATE BIPOLAR TO
Nl UNIPOLAR SLOPE RATIO
= (R=S-UNIS-BIP)
YES VALID ANNOTATION X
| 268
INDEX & SLOPE VALUE

FIG. 28



U.S. Patent Jul. 5, 2016 Sheet 18 of 20 US 9,380,953 B2

UNIPOLAR
BPF
% ,\/\/
270" }
272\ -= SMOOTHED DERIVATIVE
; 292
230
278
— THRESHOLD
o BELOW THRESHOLD
\ 274~ 0 ABOVE THRESHOLD
FIG. 29
, 302 308
4 298 410 X
J\/\,, C§ _——~UNIPOLAR
A > ~“BIPOLAR
. 300
1 o e U UNIPOLAR DERIVATIVE
294
{ AcTivITY 296 FAR FIELD
- JEI\—: ______ e —_——— ﬂl— — — U BIPOLAR DERIVATIVE
304 306 EIG. 30




U.S. Patent Jul. 5, 2016 Sheet 19 of 20 US 9,380,953 B2

Afi+1]

FIG. 31



U.S. Patent Jul. 5, 2016 Sheet 20 of 20 US 9,380,953 B2

328 374
BIPOLAR -SLOPE ) / sz
WINDOWS {
oxv4
Approve APPROVED BIPOLAR g - e
VEANTIP sy || binoser SLOPE WINDOWS , o UNPOLAR SLOPE
DESCEND IN EGM SELECT| (WINDOWED, CORRECTED)
“ windows WINNER "
, ) WINDOW windows —_—
SIPULAR WINJOW UNIPOLAR -SLOFES 3£6
vidt (WINDOWED, CORRECTED) ?
9
330 27
BPOLAR +SLOPE ) Vo
WINDOWS A
NDO 334
Approve AFPROVED BIPOLAR 8 UNPOLAR 45L0PE
MEAN RING UEGH bipeiar +3LOPE WINDOWS UNIPOLAR +5L
MES?&E&;&W EGM SELECT | (WINDOWED, CORRECTED)
et ind WINNER
01D WINDOW windows E—— A S
T e UNIPOLAR +SLOFES ,%ég
= (WINDOWED, CORRECTED) -

FIG. 32



US 9,380,953 B2

1
HYBRID BIPOLAR/UNIPOLAR DETECTION
OF ACTIVATION WAVEFRONT

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to cardiac physiology. More particu-
larly, this invention relates to the evaluation of electrical
propagation in the heart.

2. Description of the Related Art

The meanings of certain acronyms and abbreviations used
herein are given in Table 1.

TABLE 1

Acronyms and Abbreviations

CFAE Complex Fractionated Atrial Electrogram
ECG Electrocardiogram

EGM Electrogram

FIR finite impulse response

IIR infinite impulse response

LAT Local Activation Time

LPF low pass filter

RMS root-mean-square

SNR signal-to-noise ratio

UEGM Unipolar Electrogram

Cardiac arrhythmias such as atrial fibrillation are an impor-
tant cause of morbidity and death. Commonly assigned U.S.
Pat. No. 5,546,951, and U.S. Pat. No. 6,690,963, both issued
to Ben Haim and PCT application WO 96/05768, all of which
are incorporated herein by reference, disclose methods for
sensing an electrical property of heart tissue, for example,
local activation time, as a function of the precise location
within the heart. Data are acquired with one or more catheters
having electrical and location sensors in their distal tips,
which are advanced into the heart. Methods of creating a map
of the electrical activity of the heart based on these data are
disclosed in commonly assigned U.S. Pat. No. 6,226,542, and
U.S. Pat. No. 6,301,496, both issued to Reisfeld, which are
incorporated herein by reference. As indicated in these pat-
ents, location and electrical activity is typically initially mea-
sured on about 10 to about 20 points on the interior surface of
the heart. These data points are then generally sufficient to
generate a preliminary reconstruction or map of the cardiac
surface. The preliminary map is often combined with data
taken at additional points in order to generate a more com-
prehensive map of the heart’s electrical activity. Indeed, in
clinical settings, it is not uncommon to accumulate data at 100
or more sites to generate a detailed, comprehensive map of
heart chamber electrical activity. The generated detailed map
may then serve as the basis for deciding on a therapeutic
course of action, for example, tissue ablation, to alter the
propagation of the heart’s electrical activity and to restore
normal heart rhythm.

Catheters containing position sensors may be used to deter-
mine the trajectory of points on the cardiac surface. These
trajectories may be used to infer motion characteristics such
as the contractility of the tissue. As disclosed in U.S. Pat. No.
5,738,096, issued to Ben Haim, which is incorporated herein
in its entirety by reference, maps depicting such motion char-
acteristics may be constructed when the trajectory informa-
tion is sampled at a sufficient number of points in the heart.

Electrical activity at a point in the heart is typically mea-
sured by advancing a multiple-electrode catheter to measure
electrical activity at multiple points in the heart chamber
simultaneously. A record derived from time varying electrical
potentials as measured by one or more electrodes is known as

10

15

20

25

40

45

2

an electrogram. Electrograms may be measured by unipolar
or bipolar leads, and are used, e.g., to determine onset of
electrical propagation at a point, known as local activation
time.

However, determination of local activation time as an indi-
cator of electrical propagation becomes problematic in the
presence of conduction abnormalities. For example, atrial
electrograms during sustained atrial fibrillation have three
distinct patterns: single potential, double potential and a com-
plex fractionated atrial electrograms (CFAE’s).

SUMMARY OF THE INVENTION

Current available algorithms for onset detection measure
the local activation time (LAT) based on local maximum or
minimum amplitude detection (peak detection) or slope
(slope detection) of bipolar recordings. Especially in more
complex activation of either the atria or ventricles of the heart,
these methods are of limited value in supporting correct map-
ping and diagnosis of tachycardias. Detection ambiguities
arise from at least the following two factors: (1) complex
recordings, showing potentials with multiple peaks; and (2) a
mixture of two electrograms recorded at two difterent sites.
As aresult, the morphology of a bipolar electrogram is largely
determined by the phase difference between the activation at
the two poles. During more complex activation, the direction
of propagation changes continuously, thereby introducing a
higher spatiotemporal variation in morphology in bipolar
electrograms compared to unipolar electrograms. Tissue
anisotropy influences the shape of electrograms, but the over-
all morphology of unipolar electrograms is far less affected
by changes in direction than are bipolar electrograms.

There is provided according to embodiments of the inven-
tion a method, which is carried out by inserting a probe into a
heart of a living subject, recording a bipolar electrogram and
a unipolar electrogram from a location in the heart with elec-
trodes of the probe, defining a time interval comprising a
window-of-interest, and differentiating the bipolar electro-
gram and the unipolar electrogram with respect to time. The
method is further carried out by identifying peaks within the
window-of-interest in the differentiated bipolar electrogram,
and establishing a bipolar activity window having activity
bounds that include bipolar activity about respective peaks.
The method is further carried out by identifying an extreme
negative value (-dV/dt) in the differentiated unipolar electro-
gram within the activity bounds, and reporting a time corre-
sponding to the value as a unipolar activation onset.

An aspect of the method includes filtering the unipolar
electrogram to remove baseline wander therefrom.

According to another aspect of the method, identifying an
extreme negative value includes defining a slope window in
the unipolar electrogram that contains downward sloping
intervals, fitting respective regression lines to the downward
sloping intervals, determining a trend in the slope window,
identifying a longest monotonic downward sloping interval
contained in each slope window, making a determination that
the longest monotonic downward sloping interval occupies
less than 50% of its containing slope window, and responsive
to the determination subtracting the slope of the trend from a
slope of the regression line of the longest monotonic down-
ward sloping interval.

Another aspect of the method includes iterating the steps of
identifying peaks, establishing a bipolar activity window and
identifying an extreme negative value using time-reversed
versions of the bipolar electrogram and the differentiated
unipolar electrogram as the differentiated bipolar electro-
gram to yield a new extreme negative value, and reporting a
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time corresponding to the new extreme negative value as a
unipolar activation termination.

According to still another aspect of the method, establish-
ing a bipolar activity window includes defining baseline seg-
ments between complexes of the bipolar electrogram, identi-
fying the complexes by executing a state machine, and
assigning a transition between the baseline segments and the
complexes as a boundary of the bipolar activity window.

According to an additional aspect of the method, establish-
ing a bipolar activity window includes classitying segments
in the bipolar electrogram as being above or below a pre-
defined value, and identifying a transition from one of the
segments to another of the segments as a boundary of the
bipolar activity window.

There is further provided according to embodiments of the
invention a method, which is carried out by inserting a probe
into a heart of a living subject, recording a bipolar electro-
gram and a unipolar electrogram from a location in the heart
with the electrodes, and differentiating the bipolar electro-
gram and the unipolar electrogram with respect to time. The
method is further carried out by assigning respective times
corresponding to minima in the differentiated unipolar elec-
trogram as candidate annotation points, wherein the minima
are less than a predefined negative threshold value, defining
respective time intervals about the minima, determining that
during at least one of the time intervals the bipolar electro-
gram or the differentiated bipolar electrogram fails to meet a
criterion of correlated activity with the differentiated unipolar
electrogram, and defining qualified candidate annotation
points by excluding candidate annotation points that lie
within the at least one time interval. The method is further
carried out by establishing an annotation as an activation
onset time in the unipolar electrogram from among the quali-
fied candidate annotation points, and reporting the annota-
tion.

Another aspect of the method includes adjusting the bipo-
lar electrogram and the unipolar electrogram to null baseline
portions thereof.

According to one aspect of the method, adjusting includes
filtering the unipolar electrogram with a median filter.

According to an additional aspect of the method, adjusting
includes filtering the bipolar electrogram with a median filter.

According to one aspect of the method, the criterion of
correlated activity includes a variation of amplitude in the
bipolar electrogram.

According to a further aspect of the method, the variation
of amplitude is at least 0.008 mV.

According to another aspect of the method, the criterion of
correlated activity includes a failure of a slope of the bipolar
electrogram to exceed —-0.008 mV/ms.

According to one aspect of the method, the criterion of
correlated activity comprises a ratio between a slope of the
bipolar electrogram and a slope of the unipolar electrogram
that exceeds 0.2.

According to a further aspect of the method, the criterion of
correlated activity comprises a ratio between an amplitude of
the bipolar electrogram and an amplitude of the unipolar
electrogram that exceeds a predetermined value.

According to yet another aspect of the method, the time
intervals have boundaries located +2 ms from the candidate
annotation points.

According to still another aspect of the method, a slope of
the unipolar electrogram at the candidate annotation points
does not exceed —0.01 mV/ms.

In an additional aspect of the method establishing an anno-
tation includes determining that a plurality of the qualified
candidate annotation points constitute a single activity
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according to a predetermined single activity criterion, merg-
ing the plurality of the qualified candidate annotation points
into a merged candidate annotation, and selecting one anno-
tation from the merged candidate annotation and others of the
qualified candidate annotation points.

According to yet another aspect of the method, the single
activity criterion includes a determination that a peak in the
differentiated unipolar electrogram lies between two quali-
fied candidate annotation points and a ratio between (1) a
difference between the peak and one of the two qualified
candidate annotation points and (2) another of the two quali-
fied candidate annotation points exceeds a predefined ratio.

There is further provided according to embodiments of the
invention apparatus for carrying out the above-described
methods.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

For a better understanding of the present invention, refer-
ence is made to the detailed description of the invention, by
way of example, which is to be read in conjunction with the
following drawings, wherein like elements are given like
reference numerals, and wherein:

FIG. 1 is a pictorial illustration of a system for detecting
areas of abnormal electrical activity in a heart of a living
subject in accordance with an embodiment of the invention;

FIG. 2 is a group of bipolar electrograms for evaluation in
accordance with an embodiment of the invention;

FIG. 3 is a flow chart of a method of activation detection in
bipolar electrograms, in accordance with an embodiment of
the invention;

FIG. 4 is a data flow diagram illustrating an embodiment of
aportion of the method shown in FIG. 3 in accordance with an
embodiment of the invention;

FIG. 5 is a detailed data flow diagram embodying a portion
of the method shown in FIG. 3 in accordance with an embodi-
ment of the invention;

FIG. 6 is a data flow diagram illustrating an embodiment of
aportion of the method shown in FIG. 3 in accordance with an
embodiment of the invention;

FIG. 7 is an exemplary diagram of a window-of-interest of
an electrogram in accordance with an embodiment of the
invention;

FIG. 8 is a data flow diagram illustrating an embodiment of
aportion of the method shown in FIG. 3 in accordance with an
embodiment of the invention;

FIG. 9 is a data flow diagram illustrating an embodiment of
aportion of the method shown in FIG. 3 in accordance with an
embodiment of the invention;

FIG. 10 is a schematic diagram illustrating the operation of
a state machine shown FIG. 9, in accordance with an embodi-
ment of the invention;

FIG. 11 is a data flow diagram illustrating an embodiment
of'a portion of the method shown in FIG. 3 in accordance with
an embodiment of the invention;

FIG. 12 is a data flow diagram illustrating an embodiment
of'a portion of the method shown in FIG. 3 in accordance with
an embodiment of the invention;

FIG. 13 is a composite figure including a data flow diagram
embodying a portion of the method shown in FIG. 27 and a
bipolar electrogram tracing in accordance with an embodi-
ment of the invention;

FIG. 14 is a flow chart of a method of activation detection
in unipolar electrograms, in accordance with an embodiment
of the invention;
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FIG. 15 is a block diagram of a filtering arrangement for
baseline correction, in accordance with an embodiment of the
invention;

FIG. 16 is a diagram illustrating a search window illustrat-
ing a search window in accordance with an embodiment of
the invention;

FIG. 17 is a data flow diagram illustrating an embodiment
of'a portion of the method shown in FIG. 3 in accordance with
an embodiment of the invention;

FIG. 18 is a schematic diagram illustrating the operation of
state machines shown in FIG. 17,

FIG. 19 is a composite tracing illustrating an exemplary
operation of the state machine of FIG. 18;

FIG. 20 is a data flow diagram illustrating an embodiment
of a portion of the method shown in FIG. 14 in accordance
with an embodiment of the invention;

FIG. 21 is a data flow diagram embodying a portion of the
process of FIG. 27, in accordance with an embodiment of the
invention;

FIG. 22 is a graph illustrating the operation of the data flow
shown in FIG. 21, in accordance with an embodiment of the
invention;

FIG. 23 is a data flow diagram embodying a portion of the
process of FIG. 27, in accordance with an embodiment of the
invention;

FIG. 24 is a data flow diagram embodying a portion of the
process of FIG. 27, in accordance with an embodiment of the
invention;

FIG. 25 is a graphical example illustrating onset detection
in unipolar electrograms in accordance with an embodiment
of the invention;

FIG. 26 is a graph illustrating separation between local
activation and far field activity based on correlated and uncor-
related electrical activities in bipolar and unipolar electro-
grams, in accordance with an embodiment of the invention;

FIG. 27 is a flow chart of a method of activation detection
in unipolar and bipolar electrograms, in accordance with an
alternate embodiment of the invention;

FIG. 28 is a data flow diagram illustrating an embodiment
of a portion of the method shown in FIG. 27 in accordance
with an embodiment of the invention;

FIG. 29 is a graphic illustration of a portion of an annota-
tion procedure, in accordance with an embodiment of the
invention;

FIG. 30 is a graphic illustration of another portion of an
annotation procedure, in accordance with an embodiment of
the invention;

FIG. 31 is a tracing of a derivative signal from a unipolar
electrogram, illustrating identification of a single activity, in
accordance with an embodiment of the invention; and

FIG. 32 shows data flow diagrams embodying a portion of
the method of FIG. 27, in accordance with an embodiment of
the invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description, numerous specific details are
set forth in order to provide a thorough understanding of the
various principles of the present invention. It will be apparent
to one skilled in the art, however, that not all these details are
necessarily needed for practicing the present invention. In this
instance, well-known circuits, controt logic, and the details of
computer program instructions for conventional algorithms
and processes have not been shown in detail in order not to
obscure the general concepts unnecessarily.
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Definitions

“Annotations” or “annotation points” refer to points or
candidates on an electrogram that are considered to denote
events of interest. In this disclosure the events are typically
onset (local activation time) of the propagation of an electri-
cal wave as sensed by the electrode.

“Trend” refers to the slope of a regression line fitted to an
interval of an electrogram. It often serves as a reference when
evaluating a change in the values of a subinterval of the
tracing.

“Activity” in an electrogram is used herein to denote a
distinct region of bursty or undulating changes in an electro-
gram signal. Such a region may be recognized as being out-
standing between regions of baseline signals. In this disclo-
sure “activity” more often refers to a manifestation on an
electrogram of one or more electrical propagation waves
through the heart.

System Architecture

Turning now to the drawings, reference is initially made to
FIG. 1, which is a pictorial illustration of a system 10 for
detecting areas of electrical activity in a heart 12 of a living
subject 21 in accordance with a disclosed embodiment of the
invention. The system comprises a probe, typically a catheter
14, which is percutaneously inserted by an operator 16, who
is typically a physician, through the patient’s vascular system
into a chamber or vascular structure of the heart. The operator
16 brings the catheter’s distal tip 18 into contact with the heart
wall at a target site that is to be evaluated. Unipolar and
bipolar electrograms are recorded using mapping electrodes
on the distal segment of the catheter. Electrical activation
maps based on the electrograms are then prepared, according
to the methods disclosed in the above-noted U.S. Pat. Nos.
6,226,542, and 6,301,496, and in commonly assigned U.S.
Pat. No. 6,892,091, whose disclosure is herein incorporated
by reference.

The system 10 may comprise a general purpose or embed-
ded computer processor, which is programmed with suitable
software for carrying out the functions described hereinbe-
low. Thus, although portions of the system 10 shown in other
drawing figures herein are shown as comprising a number of
separate functional blocks, these blocks are not necessarily
separate physical entities, but rather may represent, for
example, different computing tasks or data objects stored in a
memory that is accessible to the processor. These tasks may
be carried out in software running on a single processor, or on
multiple processors. The software may be provided to the
processor or processors on tangible non-transitory media,
such as CD-ROM or non-volatile memory. Alternatively or
additionally, the system 10 may comprise a digital signal
processor or hard-wired logic.

The catheter 14 typically comprises a handle 20, having
suitable controls on the handle to enable the operator 16 to
steer, position and orient the distal end of the catheter as
desired to the ablation. To aid the operator 16, the distal
portion of the catheter 14 contains position sensors (not
shown) that provide signals to a positioning processor 22,
located in a console 24. The catheter 14 may be adapted,
mutatis mutandis, from the ablation catheter described in
commonly assigned U.S. Pat. No. 6,669,692, whose disclo-
sure is herein incorporated by reference. The console 24
typically contains an ECG processor 26 and a display 30.

The positioning processor 22 measures location and orien-
tation coordinates of the catheter 14. In one embodiment, the
system 10 comprises a magnetic position tracking system that
determines the position and orientation of the catheter 14. The
system 10 typically comprises a set of external radiators, such
as field generating coils 28, which are located in fixed, known
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positions external to the patient. The coils 28 generate elec-
tromagnetic fields in the vicinity of the heart 12. These fields
are sensed by magnetic field sensors located in the catheter
14.

Typically, the system 10 includes other elements, which are
not shown in the figures for the sake of simplicity. For
example, the system 10 may include an electrocardiogram
(ECG) monitor, coupled to receive signals from one or more
body surface electrodes, so as to provide an ECG synchroni-
zation signal to the console 24. The system 10 typically also
includes a reference position sensor, either on an external-
lyapplied reference patch attached to the exterior of the sub-
ject’s body, or on an internally-placed catheter, which is
inserted into the heart 12 maintained in a fixed position rela-
tive to the heart 12. Conventional pumps and lines for circu-
lating liquids through the catheter 14 for cooling an ablation
site may be provided.

One system that embodies the above-described features of
the system 10 is the CARTO® 3 System, available from
Biosense Webster, Inc., 3333 Diamond Canyon Road, Dia-
mond Bar, Calif. 91765. This system may be modified by
those skilled in the art to embody the principles of the inven-
tion described herein. Multi-electrode basket and spline cath-
eters are known that are suitable for obtaining unipolar and
bipolar electrograms. An example of such a spline catheter is
the Pentaray® NAV catheter, available from Biosense Web-
ster.

In this disclosure references are made to negative values
and downsloping segments of electrograms and their deriva-
tives which are conventional in the art. It will of course be
understood that these references also contemplate cases in
which polarities have been reversed to manifest positive val-
ues and upsloping segments.

Unipolar Annotation Embodiment

In order to better illustrate the difficulties that can be solved
by application of the principles of the invention, reference is
now made to FIG. 2, which is a group of bipolar electrograms,
in accordance with an embodiment of the invention in which
a simulated bipolar electrode has been positioned in eight
directions. The bipolar electrograms have been calculated
from the difference of unipolar electrograms e.g., squares 32,
34, shown in distinctive hatching patterns in an electroana-
tomic map 36, in which one pole is fixedly positioned at the
square 32 and the other pole is rotated in 8 steps (4 perpen-
dicular and four oblique positions) around the position of the
fixed pole. On the map 36, an activation wave propagates
slightly obliquely from right to left. The morphology
observed from the eight bipolar complexes differs. This group
shows a complex activation, resulting from fusion of two
waves, that leads to large differences in morphology and
amplitude of the bipolar complexes within windows of inter-
est 38. FIG. 2 illustrates ambiguities in detection of activa-
tion. The local activation time at which the activation wave
passes a point is calculated by locating an event on an elec-
trogram meeting criteria to be described below and subtract-
ing the time of a fiducial point/reference from the time of the
event. The time of the reference event may be defined using
another intracardiac signal or body surface electrocardio-
gram.

The inputs to the unipolar annotation algorithm are a single
bipolar electrogram and one of'its unipolar signals (following
signal processing steps to be described below). The unipolar
electrograms may be obtained from tip and ring electrodes,
which are conventionally positive and negative electrodes,
respectively. Alternatively, in some catheters, e.g., spline
catheters having multiple tip electrodes and ring electrodes,
some of the electrodes may be configured as positive elec-
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trodes and others as negative electrodes, wherein any pair of
electrodes of whatever type may be chosen for bipolar mea-
surements. References to positive and negative electrodes
herein will be understood to include such variants. In the
discussion that follows, processing of the bipolar electrogram
is described first, followed by a description of unipolar elec-
trogram processing. The unipolar annotation algorithm
includes two stages. In the first stage, a time interval, referred
to as a window-of-interest is defined. In the second stage, the
local activation time is calculated based on characteristics of
the unipolar electrogram within the window-of-interest.
Bipolar Electrograms

Reference is now made to FIG. 3, which is a flow-chart of
a method of activation detection in bipolar electrograms, in
accordance with an embodiment of the invention. The process
steps in this and other flow charts herein are shown in a
particular linear sequence for clarity of presentation. How-
ever, it will be evident that many of them can be performed in
parallel, asynchronously, or in different orders. Those skilled
in the art will also appreciate that a process could alternatively
be represented as a number of interrelated states or events,
e.g., in a state diagram. Moreover, not all illustrated process
steps may be required to implement the process.

At initial step 40 data is acquired. This may consist of 2.5
s of data recording, comprising 2500 samples sampled at
1000 Hz. Alternatively, sampling may be conducted at difter-
ent rates, e.g. 8000 Hz.

Reference is now made to FIG. 4, which is a high-level data
flow diagram illustrating an embodiment of the method using
the data obtained in initial step 40 as input. A window-of-
interest (WOI) is calculated in block 42, followed by block 44
in which a first phase of the method is completed and by block
46, which represents the second phase.

Reverting to FIG. 3, at step 48 the cardiac cycle is defined.
This may be done by detecting the R-wave and differentiating
the R-wave detection times. When differentiation is applied
to an electrogram, the data series generated indicates a change
in voltage (per unit time) rather than the absolute voltage.
Therefore, the differentiated electrogram represents the slope
of'the raw electrogram at any given time point. Other charac-
teristics of an electrogram may be used to define cardiac
cycles, as is known in the art.

Reference is now made to FIG. 5, which is a data flow
diagram embodying step 48 (FIG. 3), in accordance with an
embodiment of the invention. Analysis of the data obtained in
step 48 is conducted in block 50 to detect R-waves. Differen-
tiation is carried out in block 52 to calculate RR-intervals.
Then the mean RR-interval is calculated in block 54.

Reverting to FIG. 3, at step 56, configurable parameters for
the window-of-interest are assigned: the center (WOI__,,,.,) of
the window-of-interest; and the width of a search window
(SEARCHWINDOW) and a value A to be applied to the
RR-interval. The mean RR-interval and the configurable
parameters are used to define the window-of-interest and the
search window, the latter being defined by its start (SW,,..)
and end (SW_, ). The window-of-interest is defined by its
center (WOI_,,,,.,) start (WOI,,,.,) and end (WOL_, ).

Reference is now made to FIG. 6, which is a data flow
diagram embodying step 56 (FIG. 3), in accordance with an
embodiment of the invention. Block 58 embodies a function
in which the mean RR-interval and the configurable param-
eters are input, and the values defining the window-of-interest
and search window are output. Other descriptors of the car-
diac cycle may be utilized in step 56. The actual RR-series
and statistics regarding the RR-series, e.g., variance of the
RR-interval, may be input in block 58.
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Reference is now made to FIG. 7, which is an exemplary
diagram of a window-of-interest of an electrogram with start
and end determined by the mean RR interval, shortened by the
value ARR/2. An interval represented by arrow 60 defining
the window-of-interest is extended by intervals, shown by
arrows 62, of a fixed width search window on each side.

Reverting to FIG. 3, the following steps describe the deter-
mination of the onset and termination time of the bipolar
complex as (shown in FIG. 4). The detection of sharp deflec-
tion points in the signal is based on velocity of the signal, and
a derivative approach is used. However, derivative functions
acts as a high pass filter, thus enhancing high frequency noise.
Therefore, a smoothing function is used to decrease the noise
in the derivative estimation. The smoothing function is a
normalized zero mean Gaussian function with 0=0.9. This
function has 90% of the energy in a time window of +1.5 ms.
Thus, activations or approaching far fields in distance larger
than this value are virtually ignored and do not affect the
derivative value.

At step 64 a noise threshold (NOISETHR) is established,
using a low-pass filtered (smoothed) with the baseline-ad-
justed version of the bipolar electrogram.

At step 68, the low-pass filtered bipolar electrogram is
employed in establishing baseline segments (between bipolar
complexes). The baseline segments are used to calculate the
noise level and demarcate the interval defining the bipolar
complex.

Reference is now made to FIG. 8, which is a data flow
diagram embodying a portion of step 64 and step 68 (FIG. 3),
in accordance with an embodiment of the invention. A typical
design for the low-pass filter is shown in relation to block 70.
Filtering of the data occurs in block 72 after absolute values
are taken in block 74. A smoothed window version of the
window-of-interest and the search window is output in block
66. Optionally, a high pass filter (not shown in FIG. 8) may be
included in step 68.

Reference is now made to FIG. 9, which is a data flow
diagram embodying a portion of step 68 (FIG. 3), in accor-
dance with an embodiment of the invention. The diagram
demonstrates threshold calculation (indicated by block 76)
based on the smoothed bipolar electrogram and a two-state
machine at block 78 that receives the threshold (SMOOT-
THR) and the smoothed version of the window-of-interest
and search window. The two-state machine reports detection
of segments that are used for calculation of the noise thresh-
old in block 46 (FIG. 4) and subsequently to establish local
activation onset.

Reference is now made to FIG. 10, which is a schematic
diagram illustrating the operation of a state machine 80, rep-
resented by block 78 (FIG. 9). In this and in subsequent
drawings of state machines, arrows show transitions between
states. Necessary conditions and actions are denoted between
braces.

The state machine 80 remains in state A 82 so long as the
value of data X(n) does not fall below a threshold value
(THR). Once a value X(n) falls below the threshold, a transi-
tion to state B 84 occurs, and a count is set at zero. Whenever
a value X(n) exceeds the threshold, the count is incremented
and the machine remains to state B 84. Once the count
exceeds a predetermined value (CNTMAX), then adrop in a
value X(n) below the threshold causes the machine to transi-
tion to state A 82. A smoothed complex 86 is shown in the
lower portion of the figure to demonstrate a correlation with
the transitions of the state machine 80. Presence of the base-
line corresponds to state A 82 and the complex 86 corre-
sponds to state B 84.
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In an alternative implementation a segment of data is com-
pared against a threshold and partitioned into sections in
which the data is classified as either above or below the
threshold. Those sections falling below the threshold and
having a duration shorter than a predefined interval, e.g., 8
ms, are ignored. Activation bounds correspond to transitions
in the bipolar electrogram from segments showing activity to
segments showing no activity.

Reverting to FIG. 3, at step 88, the smoothed bipolar com-
plex is filtered using a FIR filter or an IIR bidirectional filter,
differentiated, and a window-of-interest applied.

Reference is now made to FIG. 11, which is a data flow
diagram embodying step 88 (FIG. 3), in accordance with an
embodiment of the invention. Data passes through a bidirec-
tional IIR filter 90, typically a Butterworth filter, whose
design is arranged in block 92. Alternatively, a FIR filter,
which does not require the use of bidirectional filtering could
be used. Differentiation occurs in block 94 followed by con-
version to absolute value in block 96. A window-of-interest
(W 51007 (W) is applied in block 98 to the data output from
block 96 (dataSignal(n)).

Reverting to FIG. 3, at final step 100 the quality of the
detected onset time point is calculated based on the estimated
signal-to-noise ratio (SNR).

Reference is now made to FIG. 12, which is a data flow
diagram embodying an optional aspect of final step 100 (FIG.
3), in accordance with an embodiment of the invention. Root-
mean-square (RMS) amplitudes are calculated in block 102
from the signal received within a time window defined by the
activity bounds of the bipolar electrogram. Root-mean-
square (RMS) amplitudes are calculated in block 104 from
the signal received outside the time window, which is treated
as noise. The SNR is subsequently calculated as shown in
block 106 as a measure of the signal power.

Reference is now made to FIG. 13, which is a composite
figure including a data flow diagram for slope detection and a
bipolar electrogram tracing 108 in accordance with an
embodiment of the invention. The methods described above
with reference to FIG. 3 (BWIN Module) are performed in
block 110. An interval is defined by lines 112, 114 to encom-
pass the deflection complex in the tracing 108. Positive and
negative slopes are detected in block 116. Slope detection is
accomplished by analysis of the electrogram signal for
minima and maxima.

Windows 118, 120 containing negative slopes and window
122 containing a positive slope are shown in the tracing 108.
The windows 118, 120 may be widened, such that a small
overlap exists with the window 122.

The windows 118, 120, 122 are treated as bounding inter-
vals for the analysis that follows. Downward sloping intervals
in the tracing 108 are identified in the windows 118, 120. A
linear regression line is fitted onto each of the downward
sloping intervals. If more than one downward sloping interval
is found within a window, then their slopes are averaged to
compute a trend, and further analysis is conducted as
described in further detail below in the description of the
hybrid bipolar/unipolar annotation embodiment.

Unipolar Electrograms

Analysis of unipolar electrograms is performed based on
the activity bounds obtained from bipolar electrograms using
the procedures described below.

Reference is now made to FIG. 14, which is a flow-chart
showing details of step 68 (F1G. 3). At initial step 126 data are
acquired from an unfiltered unipolar positive and/or negative
electrode. For purpose of the description of FIG. 14, it is
assumed that bipolar electrogram data have been concur-
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rently acquired from a different set of electrodes The unipolar
data may be obtained from one of the bipolar leads.

Next, at step 128, baseline correction, smoothing and dif-
ferentiation are applied to the unipolar data, using a Gaussian
derivative.

Reference is now made to FIG. 15, which is a block dia-
gram of a filtering arrangement for baseline correction, in
accordance with an embodiment of the invention. The filter-
ing arrangement is effective for both unipolar and bipolar
electrogram signals, and may be employed to filter data in the
hybrid bipolar/unipolar annotation embodiment described
below. A median filter 130 is designed to remove the activities
from the electrogram signals while a low pass filter 132 (LPF)
is designed to smooth out edges resulting from the median
filter. Finally in blocks 134, 136 the baseline estimate is
subtracted from the raw signal resulting in a signal free of
baseline.

Reverting to FIG. 14, at step 138 a time interval for a search
window is defined. Reference is now made to FIG. 16, which
is a diagram illustrating a search window for unipolar data,
based on an interval 140 between unipolar activity bounds of
a filtered differentiated unipolar electrogram complex
(W 5igna1)s inaccordance with an embodiment of the invention.

Reference is now made to FIG. 17, which is a data flow
diagram embodying step 138 (FIG. 14), in accordance with
an embodiment of the invention. Amplitude of the data is
determined in blocks 142, 144, 146 and a signal comparing
the amplitude to the noise threshold is provided to a state
machine 148. Peak detection within the window-of-interest is
performed in block 150, and the position of the peak reported
to state machines 148, 152. State machines 148, 152 operate
in the same manner. State machine 148 is controlled by the
filtered bipolar electrogram to find the local activation time.
State machine 152 uses a time-reversed version of the filtered
bipolar electrogram to determine the local termination time.
The reversed version is prepared in block 154.

Reference is now made to FIG. 18, which is a schematic
diagram illustrating the operation of the state machines 148,
152 (FIG. 17), in accordance with an embodiment of the
invention. The conventions of FIG. 10 are followed in FIG.
18. Additionally, small circles 156, 158 denote exit states.
Starting at the peak of the bipolar complex determined in
block 150 (FIG. 17), the state machine is started at state A
160, while searching backward in time. While the amplitude
of'the filtered bipolar complex stays above the noise threshold
(NOISETHR), state A 160 is maintained. When the amplitude
value X(n) falls below the noise threshold, the state machine
moves from state A 160 to state B 162 and a counter (cnt) is set
to 1.

While the machine is in state B 162, if at any time the value
X(n) is no longer below the noise threshold the machine
returns to state A 160. However, so long as the value X(n) is
below the noise threshold, state B 162 is maintained and the
counter cnt increments. When the counter cnt reaches a pre-
determined value (CNTSTATE?2), a transition to state C 164
occurs provided that the value X(n) does not exceed the noise
threshold.

In state C 164, if at any time the value X(n) is no longer
below the noise threshold the machine transitions to state D
166, and another counter (gent) is set to 0. However, so long
as the value X(n) is below the noise threshold, state C 164 is
maintained and the counter cnt increments. When the counter
cnt reaches a predetermined value (CNTSTATE3), a transi-
tion to the exit state indicated by circle 158 occurs.

In state D 166 if at any time the value X(n) falls below the
noise threshold the machine transitions to the exit state indi-
cated by circle 156. This exit state marks the end of the
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activation segment. However, so long as the value X(n) is
below the noise threshold, the counter gent increments. When
the counter gent exceeds a predetermined value (CNT-
STATE4), a transition to state A 160 provided that the value
X(n) still reaches or exceeds the noise threshold.

Reference is now made to FIG. 19, which is a composite
tracing illustrating an exemplary operation of the state
machine shown in FIG. 18. A bipolar electrical complex is
shown in in upper pane 168 opposing a plot in lower pane 170
of the state transitions of the state machine, in accordance
with an embodiment of the invention. State machine states
begin at the peak position of the filtered bipolar complex
moving backwards in time while moving between state A 160
(FIG. 18) and state B 162, eventually reaching an exit state
(detection) (indicated by arrow 172) when emerging from
state C 164. It will be recalled from the discussion regarding
FIG. 10 that the use of the state machine can be replaced by
classification of segments of the data.

Reverting to FIG. 14, next, at step 174 the interval 140
(FIG. 16) is searched to find the maximum negative values of
dV/dt (-dV/dt) based on an unfiltered unipolar (positive and/
or negative) electrogram.

Reference is now made to FIG. 20, which is a data flow
diagram embodying step 174 (FIG. 14), in accordance with
an embodiment of the invention. Cases are shown in blocks
176, 178 respectively for ring and tip (negative and positive)
electrodes, which can co-exist on the distal segment of a
cardiac catheter. The unipolar electrograms are searched
between specified boundaries, e.g., interval 140 (FIG. 16).

Reference is now made to FIG. 21, which is a data flow
diagram embodying a portion of step 174 (FI1G. 14), in accor-
dance with an embodiment of the invention. In blocks 180,
182 downward sloping intervals corresponding to downward
slopes in the associated bipolar electrogram are detected as
described above in the description of FIG. 13. In block 184
respective linear regression lines are fitted to the downward
sloping intervals. In block 186 a mean trend is determined
from an interval encompassing all the downsloping segments
in the window under consideration. This is used as another
decisional criterion for approval of the annotation. In block
188 the fraction of the longest monotonic segment within the
unipolar slope window relative to the duration of the entire
slope segment that is occupied by each of the unipolar slopes
is calculated. The output of block 188 is used to determine
whether to adjust the slope (-dV/dt) of detected segments in
the unipolar electrogram as described below according to the
trend calculated in block 186.

Reference is now made to FIG. 22, which is a graph illus-
trating the operation of the data flow shown in FIG. 21, in
accordance with an embodiment of the invention. A line 190
has been fitted to a monotonic downsloping segment of a
unipolar electrogram tracing 192 within a window 194 that
relates to bipolar electrogram activity (not shown). The seg-
ment has a slope of -0.29 and occupies 30% of the window.

Reference is now made to FIG. 23, which is a data flow
diagram illustrating segmentation of a unipolar electrogram
tracing having negative slopes, in accordance with an
embodiment of the invention. Portions of the tracing having
negative slopes are identified in block 196. Slopes falling
within the slope windows of bipolar tracings are correlated.
Identification of the segments is accomplished in block 198.

Superposition of a detected unipolar downward sloping
interval onto a wider interval having an upward slope would
lead to underestimation of the detected slope. Alternatively, if
a detected downward sloping interval were superimposed on
a wider downward slope, it would lead to overestimation of
the detected slope. In both situations, a correction needs to be
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made when the detected unipolar downward sloping interval
covers a limited percentage (=50%) of the total width of a
bipolar window. This percentage can be varied, e.g., based on
electrode types and characteristics.

Reference is now made to FIG. 24, which is a data flow
diagram embodying a portion of step 174 (FI1G. 14), in accor-
dance with an embodiment of the invention. In block 200 the
trend around the negative unipolar electrogram slopes is cal-
culated by averaging the slopes of all downward sloping
intervals within the relevant window-of-interest. Then the
output of block 200, and block 188 (FIG. 22) and the trend
within the unipolar slope windows (shown as arrow 202) are
submitted to block 204 where the slopes of unipolar electro-
gram segments may be adjusted. Two bipolar electrogram
slope windows 206, 208 are illustrated in tracing 210. Cor-
rection is applied to adownward sloping interval if it occupies
less than 50% than its containing bipolar window. An interval
having a steep monotonic downward slope 212 (-0.261
mV/ms) extending from 367 ms to 378 ms covers more than
50% of the window 206. From this it is concluded that this
slope need not be corrected. A less steep monotonically slop-
ing segment of the tracing having slope 214 occupies less than
50% of the window 208 and is corrected by subtracting the
slope of the trend in the window 208 (shown as broken line
216) from the value of dV/dt. Block 204 generates output 218
consisting of adjusted slopes in the unipolar electrogram.

Reference is now made to FIG. 25, which is a graphical
example illustrating activation onset detection in unipolar
electrograms in accordance with an embodiment of the inven-
tion. Bipolar and unipolar electrogram signals are shown in
an upper panel 220 and lower panel 222 respectively, The
solid lines 224, 226 define a user-configurable window-of-
interest, which is generally not identical to the window of
interest for the bipolar electrogram shown in FIG. 7. The
bipolar activity bounds are shown as dashed lines 228, 230.
Unipolar activation detection points 232, 234 indicate the
maximum negative slope (-dV/dt) and are compared to a
reference time indicated by line 229. In this example the
points 232, 234 occur earlier than the reference time.

Reverting to FIG. 14, the times corresponding to points
232, 234 (FIG. 25) and reported as the unipolar activation
onset in final step 236.

Hybrid Bipolar/Unipolar Annotation Embodiment

In this embodiment, the procedures described above with
reference to FIG. 3 and FIG. 14 are extended. The procedures
in this embodiment utilize smoothed baseline-removed
derivatives of bipolar electrograms and unipolar electro-
grams. They operate automatically and continuously on elec-
trode signal data. Times corresponding to deflections
(minima) in the derivative signal of the unipolar signals are
tentatively marked as annotations. All such deflections are
initially considered to maximize sensitivity; however only
those deflections showing correlated activity in the bipolar
electrogram are retained.

The bipolar electrogram is a record of the difference
between two unipolar electrograms (M1-M2). Essentially all
possibly significant downward deflections in at least one of
the two unipolar electrograms are detected, and those deflec-
tions having a derivative (—-dV/dt) below a specific threshold
are further analyzed. Deflections having a low bipolar-to-
unipolar synchronicity score, i.e., lacking significant correla-
tion with activity in the bipolar electrogram, are rejected.
Such non-correlating unipolar activity can occur, e.g., due to
magnetic field interferences such as may be caused by fluo-
roscope detectors and collimators, power line effects, and far
field activity of the ventricle. The last can occur, e.g., in
supraventricular tachycardia.
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In practice both unipolar and bipolar electrogram signals
may contain additive baseline wander signals arising from
movement of the catheter, movement of the subject and res-
piration that changes the interface with the tissue. These
motion artifacts contain mostly low frequency components.
However, the near field activity signal may also contain sig-
nificant energy in this spectral band. The conventional
approach of removal by high pass IIR or FIR filter is prob-
lematic, and can cause distortion and morphology changes to
the raw signals. Therefore, the approach employed is based
on estimation of the baseline wander and its subtraction from
the electrogram signal. This may be accomplished by removal
of the near field activity using the filtering arrangement
described above with respect to FIG. 15.

Reference is now made to FIG. 26, which is a graph illus-
trating separation between local activation and far field activ-
ity based on correlated and uncorrelated electrical activities in
bipolar and unipolar electrograms, in accordance with an
embodiment of the invention. Examination of the unipolar
and bipolar derivatives shows correlated and uncorrelated
activity in windows 238, 240, respectively.

An advantage of this embodiment is its ability to detect and
eliminate far field signals, which can generate sharp deflec-
tions. Another advantage is the consideration of all possible
qualified deflections (referred to herein as “annotations”).
Some of these deflections may be missed by conventional
techniques, particularly at the edges of windows-of-interest.

Reference is now made to F1G. 27, which is a flow-chart of
a method of activation detection in unipolar and bipolar elec-
trograms, in accordance with an alternate embodiment of the
invention. At initial step 242 unipolar and bipolar electrogram
electrograms are acquired.

In a preprocessing phase 244 the unipolar signal and the
bipolar electrogram signals are filtered, adjusted to null their
baselines, and a smoothed derivative calculated. In step 246
the unipolar electrogram data local minima (-dV/dt) in a
differentiated unipolar electrogram of a unipolar electrogram
below a threshold are detected.

Next, an annotation phase 248 begins, which includes steps
250, 252, 254, 256, 258. Unipolar electrogram slopes and
bipolar electrogram slopes are calculated in steps 254, 256,
respectively. In step 250 the local minima detected in step 246
are correlated with the differentiated bipolar electrogram, and
minima in the unipolar and bipolar derivative electrograms
that are consistent with the slopes of the bipolar electrogram
are selected. Candidate annotation points are unipolar local
minima are evaluated against at least the following criterion:

(1) The amplitude of the bipolar smoothed derivative signal
in a time window around the candidate annotation points
(2 ms) must not exceed —-0.008 mV/ms.

Combinations and subcombinations of additional criteria
are optionally imposed against the candidate annotation
points:

(2) The value of the slope of the unipolar electrogram at the

candidate annotation point is below —0.01 mV/ms.

(3) The peak-to-peak value of an activity in a unipolar
and/or bipolar electrogram that includes a candidate
annotation point is above specific amplitude (typical
0.003-0.008 mV). For this purpose, the peak-to-peak
value is the maximum excursion of the signal in the
activity that includes the candidate annotation point.

(4) the bipolar/unipolar slope ratio is greater than 0.2. For
this purpose the value of a negative electrode is inverted.

Criterion (1) is evaluated in step 258. Criteria (2)-(4) are
evaluated in step 252. The values of the criteria given above
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are exemplary, and may be varied for a given patient or
medical condition. Additional optional criteria include local
trend and signal morphology.

The above-noted ratio between the slopes of the unipolar
and the bipolar electrogram signals measured at a candidate
annotation point is useful as a classification criterion since
this ratio can differentiate between near field and far field
activity. In near field activity at least some of the downslope
activity should be represented in the bipolar signal, while in
far field cases the bipolar electrogram will have only residual
activity. Alternatively, other methods known in the art may be
employed to assess associations between the unipolar and the
bipolar electrogram signals. For example, various correlation
coefficients can be calculated. Additionally or alternatively,
covariance matrices, and tests of statistical significance may
be used to assess the relationships of the two electrograms.

The bipolar derivative value at a candidate annotation point
is computed differently for positive and negative electrodes.
For positive electrode it is the minimal value within the time
window (2 ms) and for negative electrode it is the negative
value of the maximal value within that time window. The
reason for using a time window is that in certain pathologies
and/or orientations (catheter and wave propagation direction)
the bipolar signal at a given point can be small or even zero
since the time delay of activities between unipolar activations
can cancel out. The value is calculated differently for positive
and negative electrodes since the tip activity is registered as
downslope in the bipolar while activity in the negative elec-
trode is registered as an upslope in the bipolar signal.

Reference is now made to FIG. 28, which is a data flow
diagram embodying phase 248 (FIG. 27), in accordance with
an embodiment of the invention. The inputs to the block are
the smoothed derivative of the unipolar electrogram under
test, its polarity and its corresponding bipolar electrogram. At
block 260 local minima are detected in the smoothed deriva-
tive of the unipolar electrogram. Minima with deflection
stronger than the minimal deflection rate are identified in
block 262 are further evaluated for bipolar slope in block 264.

Finally, the consistency of the slope is evaluated at decision
block 266 using a ratio test that is determined in block 268.
Valid annotations are those meeting the above-noted criteria.

Reference is now made to FIG. 29, which is a graphic
illustration of a first phase of an annotation procedure, in
accordance with an embodiment of the invention. A unipolar
electrogram tracing 270 and its smoothed derivative 272 are
shown. Points 274, 276, 278, 280 are minima in the derivative
signal below threshold value, (horizontal line 282) and will be
further considered as possible annotation points. Points 284,
286,288, 290, 292 mark minima above the threshold that will
be rejected.

Reference is now made to FIG. 30, which is a graphic
illustrating phase 248 (FIG. 27), in accordance with an
embodiment of the invention. Derivatives 294, 296 of a uni-
polar electrogram 298 and a bipolar electrogram 300, respec-
tively are used for calculating the bipolar slope change and
the ratio between them. When near field activity 302 exists in
the unipolar signal, there is also activity in the bipolar signal
(derivative 296) within a time window 304, +2 ms around a
deflection point. However, this is not the case of time window
306 in the case of far field activity 308, For activity 308 the
bipolar/unipolar slope ratio will be below threshold and a
candidate annotation point 310 would be rejected in block
266 (F1G. 28).

Reference is now made to FIG. 31, which is a tracing 312
of'a derivative signal from a unipolar electrogram, illustrating
identification of a single activity, in accordance with an
embodiment of the invention. The unipolar derivative signal
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and two possible annotations marked A[i] and A[i+1]). One
aspect of step 314 (FIG. 27) is to decide whether an upsloping
amplitude change (marked by vertical arrow 316) is signifi-
cant or not. A single activity is exemplified in FIG. 31 when:

(1) the ratio between peak 318(P) minus activation A[i]
relative to A[i] is larger than a predefined value, typically 0.5:

(P-A[i])/4[i]>0.5, and

(2) the change in the signal amplitude (P-A[i]) is at least
0.01 mV. If both criteria are met both annotations A[i] and
Ali+1] are maintained. Otherwise the weaker activation A[i])
is discarded.

Reverting to FIG. 27, at a post-processing step 314 anno-
tations arising from a single activity are selected as merger
candidates, i.e., treated as a single event for purposes of
activation onset detection. Based on a user-selected or sys-
tem-defined window-of-interest, submitted at step 320, valid
annotations are chosen at step 322 from the merged candi-
dates obtained in step 314.

Reference is now made to FIG. 32, which shows data flow
diagrams 324, 326 illustrating detection of local activation
times based on unmipolar electrograms (UEGM) within
accepted bipolar search windows, in accordance with an
embodiment of the invention. Bipolar windows are approved
when a slope within the window (dV/dt) is below a predefined
negative threshold. Diagrams 324, 326 apply to unipolar tip
and ring electrodes, respectively. Both procedures are similar.

In blocks 328, 330, negative and positive bipolar slope
windows are approved for tip and ring unipolar electrodes
within the windows, respectively. In blocks 332, 334 win-
dows that were approved in blocks 328, 330, and the corrected
unipolar electrogram slopes for positive and negative elec-
trodes from output 218 (FIG. 24) are applied, respectively.
Outputs 336, 338 are optimum negative and positive cor-
rected windowed slopes, respectively. It will be recalled that
the steepest slopes are selected. However other selection
strategies can be used, e.g., based on other characteristics of
the unipolar electrogram.

It will be appreciated by persons skilled in the art that the
present invention is not limited to what has been particularly
shown and described hereinabove. Rather, the scope of the
present invention includes both combinations and subcombi-
nations of the various features described hereinabove, as well
as variations and modifications thereof that are not in the prior
art, which would occur to persons skilled in the art upon
reading the foregoing description.

The invention claimed is:
1. An apparatus, comprising:
electrical circuitry for recording signal data from elec-
trodes of'a probe when the probe is at alocation in aheart
of a living subject, the signal data comprising a bipolar
electrogram and a unipolar electrogram;
a memory for storing the signal data;
a display; and
a processor connected to the memory and operative for
performing the steps of:
defining a time interval comprising a window-of-inter-
est;
differentiating the bipolar electrogram and the unipolar
electrogram with respect to time to define a differen-
tiated bipolar electrogram and a differentiated unipo-
lar electrogram, respectively;
identifying peaks within the window-of-interest in the
differentiated bipolar electrogram;
establishing a bipolar activity window about respective
peaks, the bipolar activity window having activity



US 9,380,953 B2

17

bounds and comprising a time interval of activity
about the peaks in the bipolar electrogram; and

identifying an extreme negative value (-dV/dt) in the
differentiated unipolar electrogram within the activity
bounds, and reporting a time corresponding to the
value as a unipolar activation onset on the display;

wherein identifying an extreme negative value comprises:

defining a slope window in the unipolar electrogram that
contains downward sloping intervals;

fitting respective regression lines to the downward slop-
ing intervals;

determining a trend in the slope window, the trend hav-
ing a slope;

identifying a longest monotonic downward sloping
interval contained in each slope window;

making a determination that the longest monotonic
downward sloping interval occupies less than 50% of
its containing slope window; and

responsive to the determination, subtracting the slope of
the trend from a slope of the regression line of the
longest monotonic downward sloping interval.

2. The apparatus according to claim 1, wherein the electri-
cal circuitry further comprises a filter to remove baseline
wander from the unipolar electrogram.

3. The apparatus according to claim 1, further comprising
the step of adjusting slopes of the regression line by subtract-
ing the slope of the trend therefrom.

4. A method, comprising the steps of:

providing an apparatus according to claim 1;

inserting a probe into a heart of a living subject, the probe

having electrodes;
recording a bipolar electrogram and a unipolar electrogram
from a location in the heart with the electrodes; defining
a time interval comprising a window-of-interest;

differentiating the bipolar electrogram and the unipolar
electrogram with respect to time to define a differenti-
ated bipolar electrogram and a differentiated unipolar
electrogram, respectively;

identifying peaks within the window-of-interest in the dif-

ferentiated bipolar electrogram;

establishing a bipolar activity window about respective

peaks, the bipolar activity window having activity
bounds that include activity about the peaks in the bipo-
lar electrogram; and

identifying an extreme negative value (-dV/dt) in the dif-

ferentiated unipolar electrogram within the activity
bounds, and reporting a time corresponding to the value
as a unipolar activation onset.

5. The method according to claim 4, further comprising the
steps of: filtering the unipolar electrogram to remove baseline
wander therefrom.

6. The method according to claim 4, wherein identifying an
extreme negative value comprises:

defining a slope window in the unipolar electrogram that

contains downward sloping intervals;

fitting respective regression lines to the downward sloping

intervals; determining a trend in the slope window, the
trend having a slope; identifying a longest monotonic
downward sloping interval contained in each slope win-
dow;

making a determination that the longest monotonic down-

ward sloping interval occupies less than 50% of its con-
taining slope window; and

responsive to the determination subtracting the slope of the

trend from a slope of the regression line of the longest
monotonic downward sloping interval.
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7. The method according to claim 4, further comprising the
steps of:

iterating the steps of identifying peaks,

establishing a bipolar activity window and identifying an

extreme negative value using time-reversed versions of
the bipolar electrogram and the differentiated unipolar
electrogram as the differentiated bipolar electrogram to
yield a new extreme negative value; and

reporting a time corresponding to the new extreme negative

value as a unipolar activation termination.

8. The method according to claim 4, wherein establishing a
bipolar activity window comprises:

defining baseline segments between complexes of the

bipolar electrogram; identifying the complexes by
executing a state machine; and

assigning a transition between the baseline segments and

the complexes as a boundary of the bipolar activity win-
dow.

9. The method according to claim 4, wherein establishing a
bipolar activity window comprises:

classifying segments in the bipolar electrogram as being

above or below a predefined value; and

identifying a transition from one of the segments to another

of the segments as a boundary of the bipolar activity
window.

10. An apparatus, comprising:

electrical circuitry for recording signal data from elec-

trodes of'a probe when the probe is at alocation in aheart
of a living subject, the signal data comprising a bipolar
electrogram and a unipolar electrogram;

a memory for storing the signal data;

a display; and

a processor connected to the memory and operative for

performing the steps of:

differentiating the bipolar electrogram and the unipolar
electrogram with respect to time to define a differen-
tiated bipolar electrogram and a differentiated unipo-
lar electrogram;

respectively assigning times corresponding to minima in
the differentiated unipolar electrogram as candidate
annotation points, wherein the minima are less than a
predefined negative threshold value;

defining respective time intervals about the minima in
the differentiated unipolar electrogram;

determining that during at least one of the previously
defined time intervals the bipolar electrogram or the
differentiated bipolar electrogram fails to meet a cri-
terion of correlated activity with the differentiated
unipolar electrogram, the at least one time interval
then being defined as an uncorrelated time interval;

defining qualified candidate annotation points by
excluding candidate annotation points that lie within
the at least one uncorrelated time interval;

establishing an annotation point as an activation onset
time in the unipolar electrogram from among the
qualified candidate annotation points; and

reporting the annotation point, which corresponds to the
activation onset time, on the display.

11. The apparatus according to claim 10, wherein the elec-
trical circuitry comprises a median filter.

12. The apparatus according to claim 10, wherein the pro-
cessor is operative for establishing an annotation point by a
process further comprising the steps of:

determining that a plurality of the qualified candidate

annotation points constitute a single activity according
to a predetermined single activity criterion;
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merging the plurality of the qualified candidate annotation
points into a merged candidate annotation; and

selecting one annotation point from one of the merged
candidate annotation and others of the qualified candi-
date annotation points.

13. The apparatus according to claim 12, wherein the single
activity criterion comprises a determination that a peak in the
differentiated unipolar electrogram lies between two quali-
fied candidate annotation points, and that a ratio between (1)
a difference between the peak and one of the two qualified
candidate annotation points and (2) another of the two quali-
fied candidate annotation points exceeds a predefined ratio.

14. A method, comprising the steps of:

providing an apparatus according to claim 10;

inserting a probe into a heart of a living subject, the probe

having electrodes;
recording a bipolar electrogram and a unipolar electrogram
from a location in the heart with the electrodes;

differentiating the bipolar electrogram and the unipolar
electrogram with respect to time to define a differenti-
ated bipolar electrogram and a differentiated unipolar
electrogram;

respectively assigning times corresponding to minima in

the differentiated unipolar electrogram as candidate
annotation points, wherein the minima are less than a
predefined negative threshold value;

defining respective time intervals about the minima; deter-

mining that during at least one of the time intervals the
bipolar electrogram or the differentiated bipolar electro-
gram fails to meet a criterion of correlated activity with
the differentiated unipolar electrogram;

defining qualified candidate annotation points by exclud-

ing candidate annotation points that lie within the atleast
one time interval;

establishing an annotation as an activation onset time in the

unipolar electrogram from among the qualified candi-
date annotation points; and

reporting the annotation.

15. The method according to claim 14, further comprising
the steps of adjusting the bipolar electrogram and the unipolar
electrogram to null baseline portions thereof.

16. The method according to claim 15, wherein adjusting
comprises filtering the unipolar electrogram with a median
filter.
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17. The method according to claim 15, wherein adjusting
comprises filtering the bipolar electrogram with a median
filter.

18. The method according to claim 14, wherein the crite-
rion of correlated activity comprises a variation of amplitude
in the bipolar electrogram.

19. The method according to claim 18, wherein the varia-
tion of amplitude is at least 0.008 mV.

20. The method according to claim 14, wherein the crite-
rion of correlated activity comprises a failure of a slope of the
bipolar electrogram to exceed —0.008 mV/ms.

21. The method according to claim 14, wherein the crite-
rion of correlated activity comprises a ratio between a slope of
the bipolar electrogram and a slope of the unipolar electro-
gram that exceeds 0.2.

22. The method according to claim 14, wherein the crite-
rion of correlated activity comprises a ratio between an ampli-
tude of the bipolar electrogram and an amplitude of the uni-
polar electrogram that exceeds a predetermined value.

23. The method according to claim 14, wherein the time
intervals have boundaries located +2 ms from the candidate
annotation points.

24. The method according to claim 14, wherein a slope of
the unipolar electrogram at the candidate annotation points
does not exceed —0.01 mV/ms.

25. The method according to claim 14, wherein establish-
ing an annotation comprises the steps of:

determining that a plurality of the qualified candidate

annotation points constitute a single activity according
to a predetermined single activity criterion;
merging the plurality of the qualified candidate annotation
points into a merged candidate annotation; and

selecting one annotation from the merged candidate anno-
tation and others of the qualified candidate annotation
points.

26. The method according to claim 25, wherein the single
activity criterion comprises a determination that a peak in the
differentiated unipolar electrogram lies between two quali-
fied candidate annotation points and a ratio between (1) a
difference between the peak and one of the two qualified
candidate annotation points and (2) another of the two quali-
fied candidate annotation points exceeds a predefined ratio.
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